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Abstract: There is a large thermal contrast between the Arabian Peninsula and India (ΔθAI) at the 
mature stage of the Indian summer monsoon (ISM). The forming process of ΔθAI is investigated 
analyzing various datasets. It forms earlier in the lower troposphere than in the middle and upper 
layers. The potential temperature in the lower troposphere over the west coast of India (θIW) 
abruptly decreases in advance of the rapid enhancement of the westerly wind over the Arabian Sea 
corresponding to the ISM onset. Such a process was observed for all the target years and the rapid 
decrease in θIW could trigger the ISM onset. The decrease in θIW had two patterns. In one case, 
cooler air is brought by the strong winds around a cyclone over the Arabian Sea. In another case, 
θIW decreases gradually by a synergy of a southwesterly wind over the Arabian Sea and the 
enlargement of ΔθAI. 





Precipitation in India has clear seasonal variation and the onset of the 
Indian summer monsoon (ISM) is of great interest as not only a scientific research 
target but also a socioeconomic factor for water resources in India. The onset date 
of the ISM has been defined by several methods in past studies. 
Ananthakrishnan and Soman (1988, hereafter referred to as AS88) defined 
the ISM onset in the northern and the southern parts of the west coast of India 
using data from a rain gauge network. The mean seasonal variation in rainfall 
derived by superimposing the annual onset date showed a distinctly rapid increase 
in the rainfall representing the beginning of the rainy season. Onset dates defined 
by rain gauge data correctly reflect the temporal variation in rainfall, however, 
rainfall is sometimes affected by local variability and large-scale variations are 
missed. Murakami and Matsumoto (1994) used outgoing long-wave radiation 
(OLR) to define onset dates of several monsoons in Asia. Those onset dates were 
derived for a climatological time-series and interannual variability was not 
discussed. 
Simon et al. (2001) focused on the importance of moisture over the 
Arabian Sea and investigated the total water vapor (TWV) amount during the ISM 
onset in 2000. A sharp increase in the TWV amount over the western Indian 
Ocean is recognized about three weeks before the onset of the monsoon. 
However, drastic change associated with the ISM onset occurs in a much shorter 
time period and the increase in the TWV amount does not seem to be a trigger of 
the onset. Ananthakrishnan (1977) suggested that precipitable water content 
(PWC) alone cannot represent the beginning of the rainy season. In addition to 
PWC, synoptic and meso-scale disturbances in monsoon circulation leading to 
low level convergence and vertically ascending flow are required for precipitation 
to occur. Zeng and Lu (2004) tried to define the climatological onset and 
withdrawal of the monsoon by PWC at various locations around the globe. Their 
results represented the difference between the onset and withdrawal season of the 
monsoon in region to region. In a recent study, Ramesh Kumar et al. (2009) 
examined various conditions leading to the monsoon onset over Kerala (MOK) 
using satellite and reanalysis data sets. One interesting feature is the evaporation 
rates over the southern Arabian Sea and the south Indian Ocean dramatically 
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increase one to two pentads before MOK. Though further studies are needed, the 
result indicates a possible factor to predict early or delayed MOK. 
Fasullo and Webster (2003) defined the onset date by vertically integrated 
moisture transport (VIMT) derived from the National Center for Environmental 
Prediction and National Center for Atmospheric Research (NCEP/NCAR) 
reanalysis data. The interannual variation in the onset date modestly agreed with 
the result of AS88 (correlation coefficient was 0.74); however, they did not 
discuss a correspondence of the defined onset date and seasonal progression of 
precipitation. Joseph et al. (2006) investigated onset processes of summer 
monsoon over South Asia and proposed three-step method for MOK definition. 
As the first step, the low level westerly over the southern Arabian Sea was used to 
define MOK. Then the MOK was examined by 850 hPa wind speeds and OLR in 
the second step. Finally, as the third step, the convective activity around Kerala 
was checked on the MOK date. In this method, the low level westerly is 
considered as an important factor to define the ISM onset. Taniguchi and Koike 
(2006) compared the time-series of satellite-observed PWC and precipitation, and 
suggested that gradual increasing of the PWC could not be a trigger of the abrupt 
beginning of ISM rainfall. Taniguchi and Koike (2006) defined the monsoon 
onset in the northern part of the west coast of India only by wind speed in the 
lower atmospheric layer over the Arabian Sea. Their definition more properly 
represented the drastic transition of the atmospheric condition and the beginning 
of the rainy season in the northern part of the west coast of India than time-series 
of total water vapor and vertically integrated moisture transportation did. 
Recently, a new idea of ‘wind onset’ and ‘wind withdrawal’ of Asian summer 
monsoon was provided by Li and Zhang (2009). They focused on the abrupt 
transition of wind circulation and defined wind onset and withdrawal using the 
change of wind direction. The definition of ISM onset in Taniguchi and Koike 
(2006) is a wind onset of the ISM using the wind speed over the Arabian Sea. 
At the same time, ”bogus onset” is an important aspects of the ISM onset. 
Fieux and Stommel (1977) and Flateau et al. (2001) introduced the double or 
bogus onset of the ISM. Sometimes, variables (e.g., wind speed and specific 
humidity) related to the ISM rapidly increase over a short period and such 
phenomena are detected as a bogus onset. The definition of the ISM should 
adequately omit such a bogus onset. The ISM onset defined by Taniguchi and 
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Koike (2006) successfully omitted the bogus onset. Their results implied the 
importance of understanding the formation of the wind field, or monsoon 
circulation. 
Many studies have discussed the mechanism of the abrupt onset of the 
ISM but still it has not been fully understood. Yin (1949) expounded the ISM 
onset as northward migration of the equatorial convergence zone (ECZ) 
accompanied by rapid westward movement of a trough in South Asia at 500hPa. 
The movement of the trough is due to the northward shift of the mid-latitude 
westerly jet. Flohn (1957) also discussed the ISM onset from the viewpoint of a 
large scale circulation pattern and the northward shift of the mid/high-latitude 
westerly jet. This shift causes northward movement of the intertropical 
convergence zone (ITCZ) and leads to the onset of the ISM. Joseph et al. (1994) 
investigated delayed ISM onset. They showed that delayed onset occurs with a 
delay in the northward movement of the equatorial convective cloudiness 
maximum (ECCM) accompanied by anomalously high sea surface temperature 
(SST) south of the equator in the Indian and Pacific Ocean. From these three 
studies, meridional movement of convective activity caused by the equatorial or 
tropical convergence zone was thought to be a key factor of the monsoon onset, or 
the convective activity itself was regarded as the ISM. 
Murakami and Ding (1982) studied the seasonal change in the atmospheric 
field over the Eurasian continent and discussed the relationship with the onset of 
ISM in 1979. The most significant change is an abrupt increase in temperature and 
intensification of an anticyclone at 300hPa in the Afghanistan-western Tibetan 
Plateau region. However, these changes are recognized two weeks prior to the 
ISM onset and they might not be a direct trigger of the onset. Krishnamurti and 
Ramanathan (1982) examined the time evolution of energy exchanges and 
differential heating around the monsoon onset in 1979. Large increases in the 
kinetic energy of the total flow field and a non-divergent component of the flow 
occur over the Arabian Sea just before or about a week prior to the onset of 
monsoon rains in central India. The above result and Taniguchi and Koike (2006) 
proved that ISM onset is brought by enhancement of low-level wind over the 
Arabian Sea. 
In this study, we focus on the wind onset of the ISM and examine the 
seasonal variations in atmospheric fields in detail to understand processes of the 
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formation of the monsoon flow. In section 2, the data used in this study are 
described in detail. In section 3, the climatological seasonal variation in 
atmospheric fields is investigated and general characteristics around the ISM 
onset are discussed. In section 4, temporal variations in atmospheric variables 
associated with the ISM are investigated and their relationships are discussed. In 
section 5, the seasonal variations in low-level atmospheric fields are investigated 
in detail for 1998 and 2001, and the causes of the ISM onset are discussed. 




To investigate the large scale atmospheric circulation field, reanalysis data 
from the NCEP/NCAR were used in this study. After 1979, atmospheric sounding 
data observed by the Television Infrared Observation Satellite (TIROS) 
Operational Vertical Sounder (TOVS) were used for assimilation and the 
reanalysis data is thought to be more reliable. We therefore selected 1979-2004 as 
the target period. The spatial resolution of the reanalysis data is 2.5°×2.5° in 
the horizontal direction and 17 standard pressure levels for the vertical direction. 
Six hourly, daily, monthly, and climatological values are available from 1948. In 
this study, daily data were used to investigate the seasonal variation in 
atmospheric conditions. We used the meridional and zonal wind, geopotential 
height and air temperature at 850, 500 and 200hPa levels. For details of 
NCEP/NCAR reanalysis data, see Kalnay et al. (1996). 
For precipitation, we used Global Precipitation Climatological Project 
(GPCP) data. GPCP data is a merged analysis that incorporates precipitation 
estimates from satellite microwave data, geosynchronous-orbit satellite infrared 
data and surface rain gauge observations. Monthly average data is available from 
1979 to the present, and daily precipitation data is available from 1997 (Huffman 
et al., 2001). The spatial resolution of monthly and daily data is 2.5°×2.5° and 
1.0°×1.0° respectively. To investigate the seasonal progression in detail, daily 
data was used in this study. 
In addition, to investigate convective activity over the Arabian Sea and the 
Indian subcontinent, outgoing long-wave radiation (OLR) data from the National 
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Oceanic and Atmospheric Agency (NOAA) were also used. Because the original 
observation has gaps, this data set is filled by temporal and spatial interpolation 
(Liebmann and Smith, 1996). Daily interpolated OLR data is from twice-daily 
observations by the advanced very high resolution radiometer (AVHRR) onboard 
Tiros N and the NOAA series of satellites. NOAA interpolated OLR data is 
available from 1981 to the present with a spatial resolution of 2.5°×2.5°. 
For detailed information of cloud activity, Meteosat satellite images from 
EUMETSAT were referred to this study. These images are obtained from the 
website of EUMETSAT. On the website, Indian Ocean Data Coverage (IODC) 
images from 63E are available every three hours. For details, visit the website. 
 
 
3 Climatological Seasonal Variations in 
Atmospheric Fields 
Figures 1 and 2 show climatological (1968-1996 average) pentad-mean 
characteristics of potential temperature (PT), wind and geopotential height at 
850hPa, 500hPa and 200hPa from spring to early summer. At pentad-16 (average 
for 17-21 March), the PT is low at 850hPa over a wide region except for the 
region around 15◦N. The wind is relatively weak, and anticyclonic circulation is 
recognized over the Arabian Peninsula. At 500hPa, distribution of geopotential 
height and PT are almost zonally uniform. A westerly wind blows north of 15°N 
line and an easterly wind blows further south. At 200hPa, the PT over the Indian 
subcontinent and Indonesian maritime continent are lower than over the western 
part of the Indian Ocean. A uniform westerly wind blows at mid-latitude and the 
contour of the geopotential height runs from east to west. On the other hand, an 
easterly wind is observed in the south of 5°N. 
At pentad-22 (average for 16-20 April), still long before the ISM onset, the 
PT increases over the northern part of the Indian subcontinent, the Middle East 
and the Arabian Peninsula at 850hPa. The anticyclonic circulation over the 
Arabian Sea can be still clearly recognized and there is no indication of monsoon 
circulation. At 500hPa, there is no clear variation in the wind and geopotential 
height, but an apparent increase in the PT is recognized over the Tibetan Plateau. 
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Similar changes can be seen at 200hPa; however, the PT increase occurs not only 
over the Tibetan Plateau but also over a wide region of India, the Bay of Bengal 
and the maritime continent. 
At pentad-26 (average for 06-10 May), the anticyclonic circulation over 
the Arabian Peninsula and the Arabian Sea can sitll be observed; however a 
variation in the geopotential height indicates the atmospheric pressure in lower 
layers is less than that at pentad-22. Because of the land surface heating, a low 
pressure region spreads over the Indian subcontinent and the western part of the 
Bay of Bengal. At 500hPa, a distinct anticyclonic circulation forms over the edge 
of the Arabian Peninsula. A warm region spreads northward especially over 
around the Tibetan Plateau. The spread of the warmer region is also observed at 
200hPa, but its center is placed in more westward. An area with dense contour 
intervals of geopotential height moves northward, and strong westerly winds also 
moves northward. 
At pentad-33 (average for 10-14 June), strong westerly winds have already 
blown onto the whole of the west coast of the Indian subcontinent at 850hPa. The 
distribution of the PT shows a warm region over the Arabian Peninsula and the 
Iran-Pakistan area and a cold region from the Indian Ocean to the southern tip of 
the Indian subcontinent. There is a large PT gradient between the Arabian 
Peninsula and the region from the southern part of the Arabian Sea to the western 
tip of the Indian subcontinent. An anticyclonic circulation spreads from the 
Arabian Peninsula to southwestern China at 200hPa, and a low pressure field 
spreads from the Arabian Sea to the Bay of Bengal at 500hPa; however, there is 
no significantly warm or cold region in both layers in the shown domain. 
The distribution of wind, PT and geopotential height at 850hPa at pentad-
35 is similar to that at pentad-33. There is a significant thermal gradient between 
the Arabian Peninsula and the west coast of the Indian subcontinent. Monsoon 
circulation is often referred to as a flow generated by the large scale thermal 
contrast between land (Eurasian continent) and ocean (the Indian Ocean); 
however, the strong westerly and southwesterly winds over the Arabian Sea could 
be caused by the smaller scale thermal contrast between the Arabian Peninsula 
and the west coast of the Indian subcontinent. At 500hPa and 200hPa, the 
distribution of PT and geopotential height at pentad-35 is also similar to that at 
pentad-33. The increase of PT is observed around the tip of the Bay of Bengal; 
8 
however, the temperature gradient at 500hPa is not as large as that in the lower 
layer. At 200hPa, there is a warm region to the west of the Tibetan Plateau and 
cold region over the western equatorial Indian Ocean; however, there is great 
distance between them and the temperature gradient between them is less than that 
in the lower level. 
At pentad-39 (average for 10-14 July), considered to be a mature stage of 
the ISM, the wind and geopotential height are not so different from those at 
pentad-35. At 850hPa, the distribution of PT is also similar to that in the previous 
period. At 500hPa and 200hPa, a warmer region spreads over land. The air over 
the eastern part of the Indian Ocean becomes colder at 200hPa. Though 
atmospheric conditions at 850hPa do not change significantly, the PT distribution 
at 500hPa and 200hPa clearly vary with seasonal progression, or maturation of the 
summer monsoon. These results indicate the ISM circulation is firstly formed in 
the lower troposphere, and then, atmospheric conditions in the upper layer are 
affected by the development of the ISM. 
Pearce and Mohanty (1984) examined the onset of the Asian summer 
monsoon from 1979 to 1982 and showed the progressive development of the 
mean low-level monsoon flow over the Arabian Sea without a corresponding 
mean flow development in the upper level. Joseph et al. (1994) showed the seven 
year mean wind at 150hPa and the subtropical jet stream flowing south of the 
Himalaya weaken at the ISM onset and the core of the jet shifted two pentad 
periods later than the ISM onset. They explained the change in the upper layer is 
in response to the tropospheric heating by the low-level monsoon current. Ramesh 
et al. (1996) showed a time series of moisture, temperature and kinetic energy 
over the Arabian Sea and suggested the low-level flow and reverse flow at 150hPa 
strengthens owing to the increase in latent heat release associated with the onset 
of the summer monsoon over the southern tip of India. Joseph et al. (2006) 
investigated a temporal variation of vertical profile of zonal wind over the 
Arabian Sea and showed the westerly firstly enhances at lower layer before MOK, 
then develops in the middle of troposphere at MOK. 
From the above studies and the results shown in Fig.2, it is suggested the 
low-level monsoon flow forms prior to the reverse flow in the upper layer. In the 
seasonal progression of the ISM, convective activity strengthens first owing to the 
ISM onset, and then the increasing latent heat release in the upper layer enhances 
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the reverse flow in the upper layer. Finally, large scale monsoon circulation, 
including both upper and lower layers, is completed. 
Joseph et al. (1994) compared the distributions of the SST for early and 
delayed onset cases. In the cases of early onset, a positive SST anomaly spread in 
the northern part of the Arabian Sea and a negative SST anomaly spread to the 
south of the Arabian Sea. The opposite distribution of the SST was observed in 
the delayed cases. The SST is supposed to affect the change in the lower air 
temperature; thus, the air temperature in the lower layer is thought to have a 
similar distribution. Therefore, the results by Joseph et al. (1994) indicate the 
thermal contrast in the lower troposphere over the Arabian Sea has an important 
role in the ISM onset, and the atmospheric condition in the lower troposphere is 
more directly related to the ISM onset. 
Based on the above results from this study and the retrospective studies, 
regarding the ISM onset, we focus on the formation of the low level monsoon 
current over the Arabian Sea and examine the seasonal progression of 
atmospheric conditions in the next section. 
 
 
4 Time variations in Atmospheric Conditions 
around the Arabian Sea 
From Figs. 1 and 2, we speculate the strong monsoon westerly wind over 
the Arabian Sea can be generated by the temperature gradient between the 
Arabian Peninsula and the western part of the Indian subcontinent at 850hPa. A 
time-series of the PT gradient between those two regions (ΔθAI), the wind speed 
over the Arabian Sea (|U|A), the precipitation in the northern part of the west coast 
of India (PRIW), potential temperature over the Arabian Peninsula (θA) and the PT 
in the western part of India (θIW) from 1997 to 2004 are investigated. ΔθAI is 
defined as the difference in θA (45°E-62.5°E, 20°N-27.5°N) and θIW (70°
E-77.5°E, 10°N-20°N). |U|A and PRIW are averaged in (62.5°E-75°E, 
7.5°N-20°N) and (70°E-75°E, 15°N-22.5°N) respectively. The grid 
boxes of those variables are shown in Fig. 3. The averaging box for θIW (θA) is 
selected as the area in which the significant cooling (warming) is detected (Figs. 1 
10 
and 2). For |U|A and PRIW, those areas are selected in which the wind at 850hPa 
significantly enhances and heavy rainfall occurs during ISM period, respectively 
(originally defined in Taniguchi and Koike 2006). ΔθAI, |U|A, θIW and θA were 
computed by using NCEP/NCAR reanalysis data at 850hPa, and PRIW is defined 
by GPCP rainfall data. Figure 4 shows the time-series of ΔθAI, |U|A, θIW, θA and 
PRIW. At the same time, the onset date of the ISM in each target year defined in 
Taniguchi and Koike (2006) is indicated by the upward arrow in Fig. 4. Hereafter, 
those onset dates are considered as the wind onset of the ISM and the dates of the 
formation of the Indian monsoon circulation. 
As shown in Taniguchi and Koike (2006), rapid enhancement of |U|A and 
the abrupt beginning of rainy season in India occur simultaneously. ΔθAI is 
formed by the increasing in the PT over the Arabian Peninsula and the decrease 
over the west coast of the Indian subcontinent. ΔθAI begins to increase from early 
spring and becomes greater than 9~10K in the transition period, or the beginning 
of rainy season and during the rapid enhancement of |U|A. However, ΔθAI does 
not change as drastically as |U|A and PRIW do. The PT over the Arabian Peninsula 
(θA) does not abruptly change either. On the other hand, there is a clear and more 
rapid variation in θIW during the transition period of |U|A and PRIW. The start of 
the decrease in θIW is prior to the enhancement of the westerly wind and the 
beginning of the rainy season in all years from 1997 to 2004. These results 
suggest the decrease in θIW could trigger the ISM onset. This rapid decrease in θIW 
is thought to be an important factor in the form of the PT gradient, which drives 
the strong westerly wind over the Arabian Sea. 
In 2004, there is significant precipitation and a clear decrease in θIW in 
early May. However, |U|A is not strong enough and θIW increases again just after 
the rainfall. Figure 5 shows a cloud cluster moves northward to India in the period 
of this first rainfall in 2004 and it is supposed to be a cause of the rainfall. On the 
other hand, ΔθAI is less than for other years and |U|A is not enhanced (Fig. 4) 
during this rainfall. This small ΔθAI is caused by the lower PT over the Arabian 
Peninsula even though θIW decreases. The above results indicate the first rainfall 
in 2004 is not necessarily associated with the ISM onset. Joseph and Pillai (1988) 
investigated the pre-onset monsoon rainfall peak (PMRP), and the early rainfall in 
2004 is supposed to be one example of PMRP. 
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Some studies have discussed the atmospheric temperature and heating 
around the Arabian Sea in the period of the ISM onset. Mohanty et al. (1983), 
Pearce and Mohanty (1984) and Ramesh et al. (1996) investigated the 
atmospheric temperature averaged over the 1000-100hPa layer. Their results 
showed an increasing of the mean atmospheric temperature over the Arabian Sea 
is related to the ISM onset. However, the PT at 850hPa clearly decreases before 
the rapid enhancement of |U|A (or ISM onset) as shown in Fig. 4. Thus, upper and 
lower layers should be treated separately because the cooling of the lower 
troposphere in western India is supposed to be an important factor in the form of 
large ΔθAI driving the strong westerly wind over the Arabian Sea, or the low-level 
circulation of the ISM. The heating over the Arabian Peninsula is thought to be 
caused by the seasonal change in the sun altitude. On the other hand, the cooling 
process of the Indian subcontinent is unclear. In the next section, focusing on the 
decrease in θIW, temporal variation in low-level atmospheric conditions will be 
examined in detail. 
 
 
5 Detail Investigation into the Seasonal Variation in 
the Low Level Atmospheric Field 
Using NCEP/NCAR reanalysis data, daily based temporal variations in 
low-level atmospheric fields were investigated from 1979 to 2004. Spatial 
distribution of potential temperature and geopotential height at 850hPa showed 
two patterns of atmospheric cooling over the Indian subcontinent and ISM onset 
in these 26 years. In one case, θIW decreases rapidly owing to a cyclonic vortex 
circulation over the Arabian Sea, or the Bay of Bengal. In another case, a cyclonic 
vortex was not recognized in that region while θIW decreases. The atmospheric 
field changes gradually and the ISM begins (hereafter “non-cyclone-caused” 
onset). In this paper, a cyclone is visually defined by close contours of 
geopotential height (the region with minimum geopotential height) accompanied 
by strong wind and precipitation. To determine the existence of precipitation, 
GPCP data were used for 1997-2004 and NOAA OLR data for 1979-1996. In 
Table.1, the onset date and cause of the variation in the atmospheric field are 
summarized. Onset dates were defined by the method of Taniguchi and Koike 
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(2006). In more than half of the target years, atmospheric conditions around the 
Arabian Sea were affected by cyclones. In the following subsections, the cases of 
1998 and 2001 are presented as cyclone-caused and noncyclone-caused onsets. 
5.1 Case of 1998 (cyclone-caused onset) 
In 1998, the distribution of PT at 850hPa rapidly changes owing to a 
cyclonic vortex and the ISM begins immediately after. Figure 6 shows the 
seasonal progression of the distribution of the PT, wind and geopotential height at 
850hPa in 1998. On 1 June, the wind is weak and its direction is unclear over the 
Arabian Sea. Regarding the distribution of the PT, the warmer air is spread over 
the Arabian Peninsula, Middle East and the Indian subcontinent. From Iran and 
Pakistan to India, there is a low pressure field caused by the warm air. Especially 
over the Indian subcontinent, a strong thermal low is recognized. On 2 June, 
though there is no remarkable change in the atmospheric field, there is a decrease 
in the geopotential height at 850hPa over the Arabian Sea around 60°E, 15°N. 
This decrease becomes a small low-pressure system on 3 June, and the low begins 
to move eastward. At the same time, a cyclonic circulation can be seen around the 
low. This low grows up and moves eastward, then crosses the Arabian Sea 
between 4 and 6 June. The wind around the low becomes stronger during this 
period. Focusing on the distribution of potential temperature, a contour of 308K 
indicates that, owing to the strong wind in the southeast of the low, a cooler air 
mass flows onto the southern tip of the Indian subcontinent from above the 
southern part of the Arabian Sea. On 7 June, the cyclonic low heads northward 
along the west coast of the Indian subcontinent and a cooler region spreads over 
the subcontinent. The wind becomes strong with the development of the cyclonic 
low and a southwesterly wind downstream of the Somali Jet is recognized over 
the Arabian Sea. Here, the distribution of the PT at 850hPa is similar to that in the 
mature period of the ISM shown in Fig. 2. A strong southwesterly wind forms 
over the entire Arabian Sea and a strong westerly wind blows onto the Indian 
subcontinent on 9 June. Even after the disappearance of the low, the distribution 
of the PT remains similar to that in the mature stage of the ISM, and the strong 
southwesterly and westerly wind continue to blow over the Arabian Sea. 
Figure 7 shows the GPCP daily precipitation and geopotential height at 
850hPa from NCEP/NCAR reanalysis. In the south of India, precipitation can be 
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seen before the generation of the low (1 June). There is no strong monsoon 
westerly wind over the Arabian Sea and the Indian subcontinent; however, a 
westerly wind blows on the southern tip of India and cause precipitation before 
the wind onset of the ISM. Past studies (e.g., Ananthakrishnan and Soman (1988) 
and Taniguchi and Koike (2006)) showed the beginning of rainfall is earlier in the 
south than in the north in India. This southern India rainfall before the 
enhancement of strong westerly wind over the Arabian Sea might be defined as 
pre-onset Indian rainfall as introduced by Joseph and Pillai (1988). The temporal 
variation in precipitation and geopotential height in Fig. 7 shows the low 
generated in the coastal area of the Arabian Peninsula on 2 or 3 June. The low 
increases in area with precipitation after crossing the Arabian Sea, and then the 
low moves northward associated with the precipitation. Figure 8 is the visible 
channel satellite image provided by EUMETSAT from 5 to 10 June. On 5 June, a 
distinctive cloud region can be recognized in the west of the tip of India. The 
satellite images and geopotential height in Fig. 6 show the strong cyclone 
developed in the Arabian Sea. Satellite images in Fig. 8 show the cyclone moving 
northward along the west coast of the Indian subcontinent. In the above 
discussion, the strong southwesterly wind around the cyclone transports cooler air 
mass above the ocean onto the land. At the same time, strong cloud activity 
associated with the cyclone is thought to intercept shortwave radiation from the 
sun and promotes a decrease in PT over the Indian subcontinent. In addition, 
precipitation from the cyclone changes the land surface condition from dry to wet, 
and an increasing in evaporation from the surface can cause atmospheric cooling 
in the lower atmospheric layer through the absorption of latent heat. The time 
series of the wind speed and rainfall in Fig. 4 shows a rapid transition of 
atmospheric conditions and continuance of strong wind and rainfall after the onset 
date (7 June). 
In 1998, the cyclone moves eastward. In some cases of cyclone-caused 
onset, a cyclone develops in the Arabian Sea and does not move, but remains in 
the region of cyclogenesis. Even in such cases, strong wind around a cyclone 
transports cooler air mass from the southern part of the Arabian Sea to the west 
coast of India and leads to the ISM onset. In 1991 and 1999, cyclones form and 
develop in the Bay of Bengal, and move westward to India. These cyclones also 
lead to the ISM onset. The developments of cyclone are more often recognized in 
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the Bay of Bengal than in the Arabian Sea. But all of those cyclones do not 
necessarily cause the ISM onset. 
5.2 Case of 2001 (non-cyclone-caused onset) 
Figure 9 is the same as Fig. 6 but for 2001. On 2 May, a warm region 
spreads from the Arabian Peninsula to the Indian subcontinent. A high pressure 
region is recognized over the Arabian Peninsula and there is a wind blowing 
northeasterly, which is exactly opposite to the monsoon circulation, over the 
Arabian Sea. This anticyclone disappears between 4 and 6 May and a weak 
southwesterly wind forms along the Arabian Peninsula. Comparing the PT 
distribution between 6 and 1 May, the PT over the ocean decreases along the coast 
of the Arabian Peninsula. This is possibly because the southerly wind in this 
region brings colder air mass northward from the ocean to the land. From 7 to 10 
May, spreading of the cooler area is recognized at the western base of the Indian 
subcontinent. During this period, the weak southwesterly wind blows along the 
coastal line of the Arabian Peninsula and slowly brings cooler air to the Arabian 
Sea. On 10 May, the southwesterly wind blows across the almost entire Arabian 
Sea. This southwesterly wind is supposed to form owing to the thermal contrast 
between the peninsula and the Arabian Sea. The wind then possibly brings cooler 
air from the sea region again. From 11 to 13 May, warm air remains over the 
Indian subcontinent and a thermal low disturbs the formation of the monsoon 
westerly wind. From 14 May, the PT increases over the Arabian Peninsula and 
Middle East, and the PT contour interval becomes small. On 19 or 20 May, the PT 
over the western part of the Indian subcontinent obviously decreases, and a clear 
thermal contrast forms between the Arabian Peninsula and the west coast of India. 
Along the contours of the PT, a westerly wind forms over the ocean and blows 
onto India. As the temperature gradient becomes large, the southwesterly and 
westerly winds over the Arabian Sea becomes strong (16 and 17 May), and the PT 
over the Indian subcontinent falls. In Fig. 4, the rapid decrease in PT is recognized 
in the middle of May, just before the onset of the ISM (23 May). 
In the above discussion, the variation in the PT distribution or spreading of 
the cooler region is explained as the result of horizontal advection. In the case of 
1998, the effect of cloud associated with the cyclone was described. Figure 10 
shows the temporal variations in |U|A, θIW, and OLR over the west coast of India 
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(10°N-20°N, 70°E-77.5°E). OLR is often used as an index of convective 
activity in tropical regions and a small OLR value represents active convection. 
An abrupt decrease in OLR after mid-May and the continuance of small OLR 
represent the beginning of the rainy season. The increasing OLR just after mid-
May indicates a break of the ISM as recognized in Fig. 3. The decrease in OLR 
occurs later than does the decrease in θIW. At the same time, the rapid 
enhancement of |U|A occurs in advance of the decrease in OLR. Figure 11 is the 
visible channel images observed by METEOSAT. There is not clear or strong 
cloud activity over the western part of the Indian subcontinent even in the period 
of the PT decreasing. The above results indicate the decrease in θIW in 2001 is not 
necessarily caused by the rainfall and interception of shortwave radiation by cloud 
activity, and the enhancement of |U|A by the decreasing θIW leads to the beginning 
of the ISM. Therefore, the decrease in θIW is a possible trigger of the ISM onset. 
Figure 12 is the same as Fig. 10 but for other years of non-cyclone-caused 
ISM onset. In 1979, 1980, and 1981, OLR decreased in advance of that of θIW. On 
the contrary, the decrease in θIW is earlier than that of OLR in 1989, and 2000. In 
the other five years, the decreases occur at the same time. These comparisons of 
the time-series of the PT and OLR give rise to speculation that cloud activity on 
the west coast of India does not necessarily affect the rapid and significant 
decrease in the PT. In the case of a gradual onset like that in 2001, atmospheric 
advection is supposed to be one possible cause of the variation in the atmospheric 
condition leading to the ISM onset. 
From Ninomiya and Akiyama (1976), the local rate of temperature change 
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where dtdTR , 
mCL p  , and ** )( pT    represent heating due to 
radiation, condensation, and vertical convergence of convective heat transport 
respectively. In this study, we focus on the effect of horizontal advection on the 
rapid decrease in PT on the western coast of India and investigate Tv  . 
Figure 13 is the horizontal distribution of the advection term ( Tv  ) of  
tT   and daily variation of air temperature at 850hPa during the period before 
the ISM onset (from 1 May to 21 May) in 2001. 
On 1 May, there is not significant decreasing PT in western India and no 
clear tendency of the spatial distribution of the advection term. On 7 May, a 
significant decreasing PT and a negative value of the advection term are observed 
around the west base of the Indian subcontinent. Figure 9 shows a clear decrease 
in PT in the same region around 7 May. A minimum value is seen just over the 
west coast of the Indian subcontinent. A similar spatial distribution of the 
advection is recognized on 14 May. A clear and significant decrease in the PT in 
western India is recognized after 10 May in Fig. 4. These results show the cooling 
in northwestern India is caused by horizontal incursion of cooler air-mass from 
the ocean southward associated with the horizontal advection. Around the head of 
the Arabian Sea, a large positive value is observed on 14 and 21 May. This is 
because of the large temperature difference between the land and ocean, and 
southward and eastward flows bring warmer air mass from over the land to the 
ocean (see Fig. 9). On 21 May, just before the ISM onset in 2001, there is still a 
large negative value of the advection term and a decreasing PT in India. Such a 
continuous inflow of cooler air mass seems to be an important factor in decreasing 
the PT in that region. 
After the ISM onset, cooler air mass flows onto the Indian subcontinent 
owing to the monsoon westerly wind and it may maintain the temperature gradient 
between the Arabian Peninsula and western India, which drives the monsoon 
westerly wind. 
In most non-cyclone-caused ISM onset cases, a negative value of the 
horizontal advection, or PT decreasing owing to incursion of cooler air mass, is 
observed. However, the magnitude of the advection term is not always the same 
and the time of the appearance of the negative value has some fluctuation. In some 
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cases, such a feature of the advection term is not clear. To understand the non-
cyclone-caused ISM onset, in-depth analysis is indispensable for each case. 
5.3 Difference between cyclone-caused and non-cyclone-caused 
onset 
Figures 14a and 14b are composites of PT, wind and geopotential height 
for the onset date of cyclone-caused and non-cyclone-caused onset cases. In the 
case of the cyclone-caused onset, a cyclonic anomaly is clearly recognized in the 
Arabian Sea but not in the case of the non-cyclone-caused onset. Figure 14c is the 
difference of those results calculated by subtracting the non-cyclone-caused 
composite from the cyclone-caused one. Anomalies of northward flow and low 
temperature over the Arabian Sea indicate the strong wind around a cyclone 
brings colder air from southern part and decreases PT effectively in cyclone-
caused onsets. Fig. 14c also shows a clear anti-cyclonic anomaly in the Bay of 
Bengal. This result indicates, in the non-cyclone-caused onset, ISM onset occurs 
after development of low pressure field in the Bay of Bengal, or in the mature 
stage of the monsoon in this region. On the other hand, the cyclone-caused onset 
could occur before such a maturation of monsoon in the Bay of Bengal. 
 
 
6 Summary and Conclusions 
In this paper, the wind onset of the ISM was discussed and, to reveal 
processes of the formation of the low-level monsoon circulation, the seasonal 
variations in atmospheric characteristics in the lower troposphere were 
investigated in detail. Climatological characteristics of various atmospheric fields 
showed the PT gradient is large in the lower layer between the Arabian Peninsula 
and the west coast of the Indian subcontinent. Such a PT distribution, or the 
temperature gradient between them, possibly produces the strong westerly wind 
over the Arabian Sea, which brings rainfall in India during the active season of the 
ISM. Though the rainy season in India begins quite abruptly, this temperature 
gradient does not have a clear rapid variation. On the other hand, the seasonal 
variation in the PT over the west coast of India rapidly decreases just before the 
abrupt beginning of the rainy season, or the ISM onset. This feature was observed 
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for every year, and hence, the decrease in PT is a possible trigger of the formation 
of the strong monsoon westerly wind, or the ISM onset. 
Detailed studies of the seasonal progression of atmospheric fields for the 
target years show the decreasing in PT is caused by two processes: (i) a strong 
cyclone generating atmospheric cooling by horizontal advection with strong wind, 
interception of shortwave radiation, and latent heat absorption accompanied by 
evaporation of rainfall and (ii) the PT gradient completing gradually and not being 
affected by a specific event like a cyclone. From 1979 to 2004, the decrease in PT, 
or ISM onset, is brought about by a cyclone in 15 of the years. Most of these 
cyclones formed and developed in the Arabian Sea; however, some were formed 
in the Bay of Bengal. To understand the monsoon system, the formation and 
development of the cyclone around the Arabian Sea is also important. In the other 
case, the variation in the PT distribution is not caused by a cyclone, and horizontal 
advection is supposed to play an important role. However, the effects of other 
factors (e.g., SST, soil moisture, larger scale circulation) have to be investigated 
in more detail. 
In future study, the above issues should be investigated more 
quantitatively with numerical simulations using regional circulation models and 
integration of various kinds of observation data and model outputs from numerical 
weather prediction centers. 
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Figure 1: Climatological seasonal progression of pentad-mean potential temperature, wind and 
geopotential height. Upper, middle and lower panels show the results for 850hPa, 500hPa and 
200hPa respectively. NCEP/NCAR reanalysis data is used. Areas with altitude greater than 1500 
m are shaded black. Results are shown for pentad 16, 22 and 26 (P16, P22 and P26, respectively). 
 
Figure 2: Climatological seasonal progression of pentad-mean potential temperature, wind and 
geopotential height. Upper, middle and lower panels show the results for 850hPa, 500hPa and 
200hPa respectively. NCEP/NCAR reanalysis data is used. Areas with altitude greater than 1500 
m are shaded black. Results are shown for pentad 33, 35 and 39 (P33, P35 and P39, respectively). 
 
Figure 3: Boxes used to define the spatial averaged variables. Boxes indicated A, B, C and D are 
used for potential temperature over the Arabian Peninsula (θA), wind speed over the Arabian Sea 
(|U|A), potential temperature over the west coast of India (θIW) and precipitation in the northern 
part of India (PRIW), respectively. Boxes A and C are used to define difference between θA and θIW 
(Δθ). 
 
Figure 4: Time-series of precipitation in the northern part of India (PRIW), potential temperature 
over the Arabian Peninsula (θA) and the west coast of India (θIW), wind speed over the Arabian Sea 
(|U|A) and difference between θA and θIW (Δθ). The onset date of the ISM in each year is indicated 
by an upward pointing arrow. Results are shown for 1997-2004. 
 
Figure 5: Visible channel images of Meteosat for the period around the onset of the ISM in 2004. 
 
Figure 6: Temporal variation in the potential temperature, wind and geopotential height at 850hPa 
in 1998. NCEP/NCAR reanalysis data are used. Contour lines and shade colors indicate 
geopotential height and potential temperature, respectively. The thick and dotted line indicates the 
isoline of 308K. Areas with altitude greater than 1500 m are shaded black. 
 
Figure 7: Temporal variation in the precipitation and geopotential height during the same period as 
for Fig.6. GPCP data are used to plot the distribution of the precipitation. Contour lines and shade 
colors indicate geopotential height and precipitation, respectively. Areas with altitude greater than 
1500 m are shaded black. 
 
Figure 8: Visible channel images of Meteosat for the period around the onset of the ISM in 1998. 
 
Figure 9: Temporal variation in the potential temperature, wind and geopotential height at 850hPa 
in 2001. NCEP/NCAR reanalysis data are used. Contour lines and shade colors indicate 
geopotential height and potential temperature, respectively. The thick and dotted line indicates the 
isoline of 308K. Areas with altitude greater than 1500 m are shaded black. 
 
22 
Figure 10: Time-series of outgoing long-wave radiation (OLR) over the west coast of the Indian 
subcontinent, θIW, and |U|A in 2001. The thick line, marked line, and broken line indicate OLR, 
θIW, and |U|A respectively. 
 
Figure 11: Visible channel images of Meteosat for the period around the onset of the ISM in 2001. 
 
Figure 12: Time-series of outgoing long-wave radiation (OLR) over the west coast of the Indian 
subcontinent, θIW, and |U|A in other non-cyclone-caused ISM onset cases. The thick line, marked 
line, and broken line indicate OLR, θIW, and |U|A respectively. 
 
Figure 13: Results in a), c), e) and g) are horizontal distribution of the advection term ( Tv  ) of 
the temporal variation in air temperature, and b), d), f) and h) are the daily variation of air 
temperature, at 850hPa for the period before the ISM onset in 2001. The unit is K/day for both 
results. Areas shaded by light gray indicate negative values. Areas with altitude greater than 1500 
m are shaded black. 
 
Figure 14: Composite of the potential temperature, wind and geopotential height at 850hPa for a) 
cyclone-caused onset cases and b) non-cyclone-caused onset cases. Result in c) is the difference 
calculated by subtracting the non-cyclone-caused composite from the cyclone-caused one. 
NCEP/NCAR reanalysis data are used. Contour lines and shade colors indicate geopotential height 
and potential temperature, respectively. The thick white line in c) indicates the isoline of 0K. 
Areas with altitude greater than 1500 m are shaded black. 
 
Table 1: ISM onset date defined in Taniguchi and Koike (2006) and the cause of the PT decrease. 
Year Onset Date Cause of the 
PT decrease 
Year Onset date Cause of the 
PT decrease 
1979 Jun-16 Non-Cyclone 1992 Jun-15 Cyclone 
1980 Jun-3 Non-Cyclone 1993 Jun-6 Cyclone 
1981 Jun-17 Non-Cyclone 1994 Jun-3 Non-Cyclone
1982 Jun9 Cyclone 1995 Jun-10 Non-Cyclone
1983 Jun-16 Cyclone 1996 Jun-9 Cyclone 
1984 May-31 Non-Cyclone 1997 Jun-16 Cyclone 
1985 May27 Cyclone 1998 Jun-7 Cyclone 
1986 Jun-9 Cyclone 1999 May-18 Cyclone 
1987 Jun-4 Cyclone 2000 May-14 Non-Cyclone
1988 Jun-9 Non-Cyclone 2001 May-23 Non-Cyclone
1989 Jun-1 Non-Cyclone 2002 Jun-11 Cyclone 
1990 May-25 Cyclone 2003 Jun-9 Cyclone 
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